Spin-polarized (001) surface states of the topological crystalline insulator Pbo.73Sno.27Se 
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We study the nature of (001) surface states in Pbo.73Sno.27Se in the newly discovered topological- 
crystalline-insulator (TCI) phase as well as the corresponding topologically trivial state above the 
band-gap-inversion temperature. Our calculations predict not only metallic surface states with a 
nontrivial chiral spin structure for the TCI case, but also nonmetallic (gapped) surface states with 
nonzero spin polarization when the system is a normal insulator. For both phases, angle- and spin- 
resolved photoelectron spectroscopy measurements provide conclusive evidence for the formation of 
these (001) surface states in Pbo.73Sno.27Se, as well as for their chiral spin structure. 

PACS numbers: 71.20.-b, 71.70.Ej, 73.20.At, 79.60.-i 



I. INTRODUCTION 

In the recent years, the theoretical prediction 1-3 and 
the successive discovery 4-6 of topological order in solids 
have attracted considerable attention shaping the study 
of topological phenomena into one of the major fields of 
contemporary condensed-matter physics. 7 ' 8 In the case 
of topological insulators (TIs) , bulk semiconductors with 
an odd number of band inversions support gapless Dirac- 
like surface states. These are topologically protected by 
time-reversal symmetry and feature a chiral spin texture, 
thus providing robust spin-polarized conduction chan- 
nels. Naturally, it is this property that renders TIs poten- 
tial candidate materials for spintronics applications. ' 

In the search for new TIs, lately, a novel topolog- 
ically nontrivial state has been proposed to exist in 
SnTe. 11 Despite not falling in the class of the "classic" 
TIs with Z2 topological invariants, 2 this IV- VI narrow- 
gap semiconductor hosts metallic surface states protected 
by the mirror symmetry of the crystal's rock-salt (RS) 
structure — hence the name: topological crystalline insu- 
lator (TCI). 11 More specifically, this state is identified 
with the fm3m — /3(4) valley phase in an extended clas- 
sification scheme newly put forward. 12 It has been shown 
by angle-resolved photoelectron spectroscopy (ARPES) 
studies that this state is indeed realized on the (001) sur- 
faces of SnTe, 13 as well as of the IV- VI substitutional 
alloys Pbi^Sn^Tc 14 and Pbi^Sn^Se. 15 

Although, in principle the spin-orbit interaction (SOI) 
is not a prerequisite for obtaining a TCI, 16 the TCI phase 
in real SnTe- or SnSc-based compounds would not be 
achieved without the relativistic effects (SOI and Dar- 
win term). Due to the SOI, the metallic surface states 
observed in these materials have almost linear, Dirac- 
like, dispersions. 11,13-15 Moreover, spin-polarization ef- 
fects are anticipated for these states. 11,14 

In this article, we present a theoretical prediction for 
the spin polarization of metallic (001) surface states in 
the TCI phase of Pbo.73Sno.27Se, i.e., when the band 



structure is inverted at low temperatures. Surprisingly 
enough, at high temperatures, when the system is a nor- 
mal insulator, a nonzero spin polarization of gapped sur- 
face states is obtained in the calculations. Experimen- 
tal evidence for the formation of the surface states and 
their chiral spin texture in Pbo.73Sno.27Se single crys- 
tals at both, low and high temperatures is provided 
through ARPES and spin-resolved photoelectron spec- 
troscopy (SRPES). 



II. BAND-STRUCTURE CALCULATIONS 

To determine the electronic surface states in 
Pbo.73S1io.27Se we have performed tight-binding (TB) 
calculations for a slab with 162 atomic monolayers. 
Such TB modeling proved to be very efficient for 
describing mixed crystals and their heterostructures, 
e.g., Pbi-.Sn.Te, Pbi_ x Cd x Te, and Pb^Mn.Tc al- 
loys. 15,17,18 The slab has a RS crystal structure and is 
oriented in [001] direction. In the two directions par- 
allel to the surface periodic boundary conditions have 
been imposed. To describe the RS substitutional alloy 
within the virtual crystal approximation the TB param- 
eters for the constituent compounds, PbSc and SnSe, are 
needed. While TB parameters for PbSc can be taken 
from the literature, 19 the parameters for RS SnSe are 
not available, as SnSe crystallizes in an orthorhombic 
structure. To obtain the parameters for the hypothet- 
ical material, bulk RS SnSe, we first estimate its elec- 
tronic band structure using standard ab-initio methods, 
i.e., density- functional theory with local-density approxi- 
mation (DFT-LDA). The only experimental result, which 
can be used to verify the obtained DFT band struc- 
ture of RS SnSe is the linear change of the band gap of 
Pbi_ x Sn x Se with the Sn content — at T = 4 K the band 
gap Eg changes from a value of 0.165 eV for x = 0, via 
E g = for x re 0.19 to E g = -0.129 eV for x re 0.33. 20 
Thus, the final TB parameters for SnSe are obtained from 
the parametrization of the DFT-LDA band structure by 
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use of the simulated annealing method 21 with the addi- 
tional condition of a linear change of E s (x) in the mixed 
crystal. In each step of this procedure, the parameters 
of the Pbi-zSn-cSe alloy are obtained by linear interpo- 
lation of the actual TB parameters of PbSe and SnSe. In 
our TB Hamiltonian for SnSe the s, p and d orbitals and 
nearest-neighbor interactions are included. Finally, by 
extrapolating the measured E g (x) from Ref. 20 to x = 1, 
one finds the "experimental" band gap of RS SnSe to be 
—0.725 eV while the energy difference between the DFT- 
LDA conduction and valence bands in the L point is equal 
to —0.981 eV. We rescale the obtained parameters for 
SnSe to obtain the "experimental" band gap and, there- 
fore, the proper E g {x) dependence for the Pbi„ x Sn :r Se 
alloy, in particular with the energy-gap sign change oc- 
curring at x — 0.19. 

In our experiment the change of Eg is achieved not 
by changing the Sn content but by varying the tem- 
perature. Thus, for a direct comparison of the experi- 
mental findings with the theory we have to check how 
the TB parameters of Pbo.73Sno.27Se evolve with tem- 
perature. We assume that this dependence is dominated 
by the change of the lattice constant ao with temper- 
ature and rescale again our parametrization according 
to the Harrison rules. 22 We assume that a for any Sn 
content diminishes by the same amount with decreas- 
ing temperature as for PbSe. The room-temperature 
ao for Pbo.73Sno.27Se is taken from X-ray-diffraction ex- 
periments. 24 With the procedure described above we re- 
cover exactly the experimental temperature dependence 
of the band gap for PbSe. With increasing Sn content 
the agreement diminishes, but in the interesting region 
of x = 0.27, the resulting E g (T) differs from that given 
in Ref. 20 by less than about 15 %. 

As shown in Fig. 1(a), the band calculations for the 
Pbo.73Sno.27Se (001) surface at T = 300 K yield a nonin- 
verted band structure and hence no gaplcss states. Yet, 
the lowest (©) and highest (@) states of the conduction 
and valence bands, respectively, represent states localized 
at the surface. Figures 1(b) and (c) show the band struc- 
ture of Pbo.73Sno.27Se close to X in the TCI state. Anal- 
ogous to the situation in SnTe, 11 surface states are found 
to cross the inverted bulk band gap along the T-X direc- 
tion. The surface states above (© and ©) and below 
(@ and ©) the Dirac points are depicted in Fig. 1(c). 
The calculated spin textures for the states © and @ are 
presented in Fig. 1 (d) for 300 K and (e) for 80 K. As 
can be seen in the figure, these states are spin-polarized 
and have a chiral spin texture in both cases. We note 
that the clockwise (counter-clockwise) chirality is related 
to the cation (anion) p-type orbitals. Also, while at high 
temperature single vortices are anticipated, the spin pat- 
terns presented in Fig. 1(e) for low temperature consist 
of double- vortical structures. In the latter, for the band 
© and wave vectors k between the Dirac points (in- 
ner vortex) the spin rotates counter-clockwise about X. 
Outside this region (outer vortex) the rotation is reversed 
(clockwise). Thus, in the local environment of each Dirac 



point the same left-handed chiral structure is obtained, 
like predicted in Ref. 11. For energies below the Dirac 
point, i.e., for band @, all the chiralities are reversed 
as compared to band ©. Moreover, it is seen that the 
polarization is expected to be slightly larger for the an- 
ions than for the cations. In contrast, the spin textures 
of the higher (©) and lower (©) bands in Fig. 1(f), 
have the form of single vortices. This results from the 
two additional Dirac points at X. In one of these, the 
bands © and © are brought to contact forming anion 
Dirac cones, while the bands @ and © meet in the 
other to form cation Dirac cones [cf. Fig. 1(b) and (c)]. 
These Dirac points are not topologically protected, but 
still have an impact on the overall spin structure. The 
spins in the anion (cation) Dirac cones of the © (©) 
bands arc rotating in the opposite direction as compared 
to the anion (cation) spins in the © (©) bands. 



III. PHOTOEMISSION EXPERIMENTS 

To test the results of our calculations we con- 
ducted photoemission experiments on single crystals of 
Pbo.73Sno.27Se. The studied n-typc single crystals have 
been grown by the self-selecting vapor growth method 
under near-equilibrium thermodynamic conditions. 24,25 
The ARPES and SRPES measurements on cleaved (001) 
surfaces at temperatures T w 80 K and T ~ 300 K 
have been carried out at the 13 and 14 beam lines at 
the MAX-III synchrotron at MAX-lab, Lund University, 
Sweden. 26,27 All experiments have been done under ultra- 
high- vacuum conditions (p w 3 x 10~ 10 mbar) using lin- 
early polarized light with a photon energy hv — 18.5 eV. 
The total energy resolution of the ARPES and SRPES 
experiments was about (10 to 20) meV and 100 meV, 
respectively. The in-plane crystal-momentum resolution 
was 0.01 A -1 for the ARPES measurements. The SR- 
PES data acquisition integrated over a reciprocal-space 
area with a diameter of about 0.025 A -1 . 

Figure 2(a) shows ARPES spectra for both sample 
temperatures along the high-symmetry lines of the (001) 
Brillouin zone (r-X-r and M-X-M) in the vicinity of 
X. In agreement with previous ARPES measurements on 
Pbo.77Sno.23Se, 15 the formation of gapless surface states 
along T-X-T characteristic for the TCI phase takes place 
at low temperatures, whereas at high temperatures, only 
gapped states are observed. The band-structure inver- 
sion in Pbo.73Sno.27Se occurs at T w 250 K, 20 thus, 
the material is either a TCI (T 80 K) or a normal 
insulator (T 300 K). While our calculations for the 
room-temperature case indicate a paraboloid-like disper- 
sion centered at X, the corresponding data suggest that 
the conduction-band minima are shifted away from X [cf. 
T-X-r dispersion in Fig. 2(a)]. 

On the basis of these ARPES results, successively, the 
in-plane spin texture was probed by SRPES measure- 
ments employing the mini-Mott polarimeter at the 13 
beam line. 26 This set-up is used to determine the projec- 
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FIG. 1. (a) Band structure of the Pbo.73Sno.27Se (001) slab in the vicinity of ~X at T = 300 K (ao = 6.091 A) along the 
high-symmetry lines. The X position was taken as (k x , k y ) = (0, 0). The surface states near the conduction and valence bands 
are denoted by (T) and @, respectively, (b) The same band structure at T = 80 K (ao = 6.066 A). Here only one Dirac 
point (where the surface states (T) and @ are in contact) is shown on the T-X line. Both Dirac points are visible in (c), 
where only the four bands with energies within the bulk-band-gap region are presented, (d) and (e) are contour plots of the 
constant-energy lines of the surface states labeled by (7) and @ at the two studied temperatures. The arrows indicate the 
in-plane spin texture, their size the degree of spin polarization, (f) shows the same for the next bands @ and (fy). The blue 
to yellow color coding indicates the contributions of the cation (yellow) and anion (blue) p orbitals to the wavefunctions. 



tion of the in-plane electron spin on a given direction — 
in this case approximately the direction parallel to k x as 
sketched in Fig. 2(c). In the process, two photoemission 
spectra [energy-distribution curves (EDCs)] for electrons 
with opposite spins are acquired and the spin polariza- 
tion V{E) is given by the asymmetry 



S eS V{E) 



U(E)-I Q (E) 
U(E)+I Q (E)' 



(1) 



Here, I^ i q(E) are the background-corrected and normal- 
ized intensities in the two spectra and S c ft ~ 0.2 is the 
effective Sherman function, a measure for the efficiency 
of the Mott detector. 28 Eventually, the absolute photoe- 
mission intensities I®,q(E) corrected for S e s < 1 are 
obtained by 



i® (E) 





i®(E) + i Q (E) 



[l±T{E)\ 



(2) 



Unfortunately, during the low-temperature measure- 
ments, adsorption of residual gases in the vacuum cham- 
ber and reactions with the photon beam cause a rapid 
shift of the chemical potential of the samples of up to 
100 meV/30 min, thus successively emptying the sur- 
face states. Hence, a quantitative polarization analy- 
sis based on high- statistics measurements is unfeasible. 
Nevertheless, initial SRPES measurements could be per- 
formed at the five reciprocal-space points indicated in 
Fig. 2(b). Figure 2(c) summarizes their results. The 
measured spectra have been normalized to yield on aver- 
age no net spin polarization for the contributions to the 
spectra from bulk-like states at binding energies higher 
than 350 meV. To improve the clarity of the presentation 
a simple moving average of three measured data points 
(corresponding to an energy interval of 20 meV) has been 
taken to calculate the shown spectra. Figure 2(d) shows 
the expected intensities at the different fc-space points 
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FIG. 2. (a) ARPES spectra of Pbo.73Sno.27Se along the indicated high-symmetry lines through X in the TCI phase (T ~ 80 K) 
and for the topologically trivial state (T « 300 K). The data have been obtained from adjacent sides of the (001) surface 
Brillouin zone [see sketch in (b)]. and C*) show the spin polarization for the respective surface-state branches, (b) Sketch of 
the first quadrant of the (001) surface Brillouin zone of Pbo.73Sno.27Se. The blue ellipses indicate surface-state constant-energy 
lines between the conduction-band minimum along X-M and the anion Dirac point at X in the TCI state {not to scale). The 
red arrows show the corresponding electron spin texture [cf. Fig. 1(e)]. The red dotted circles labeled by the numbers (T) 
through (5) give the rough positions for the SRPES measurements of the in-plane spin component approximately parallel to 
k x . (c) SRPES spectra for the five reciprocal-space points indicated in (b). The absolute intensities shown on a linear ordinate 
scale where the dotted lines indicate zero, were obtained using Eq. (2). Note that the chemical potential fi is shifted in the 
measurements at point (3) and (4) at T ~ 80 K, so that the states above the Dirac points (at lower binding energies) hardly 
contribute to the spectra, (d) Theoretically expected absolute intensities (without \i cutoff). 



based on our calculations. It has been assumed that the 
probability of photon absorption is the same for all states 
and that the photoemission probability decays exponen- 
tially (with a decay constant of 0.7 nm) with the distance 
from the surface. An additional Gaussian energy broad- 
ening of 20 meV has been applied. 

Altogether, the clear intensity asymmetry for photo- 
electrons with opposite spins indicates a finite spin po- 
larization at both temperatures. Although the experi- 
mentally and theoretically obtained dispersion curves at 
T = 300 K somewhat seem to deviate, the observed spin 
polarizations agree qualitatively. The states have a chiral 
spin texture which reverses when crossing the Dirac-point 
energy or the band gap, respectively. The polarization is 
given mainly by the surface states for both temperatures. 



The calculated small but nonzero polarization of the bulk 
states can be understood by recalling that only the spin 
polarization of the first few monolayers closest to the sur- 
face is considered. Since the surface breaks the inversion 
symmetry, the states in this region may be polarized. Of 
course, the total spin polarization for the doubly degener- 
ate bulk-like states of the slab with two surfaces is equal 
to zero. 

A comparison of the data with the calculations in 
Fig. 1(c) shows that in the TCI state the anticipated 
"outer" spin rotation in the bands (7) and @ is real- 
ized. On the other hand, the identification of the "inner" 
spin rotation remains elusive. Any attempt to measure 
the polarization at a position between one of the Dirac 
points and X is hindered by the inevitable averaging over 
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a considerably large fc-space region, the overall lower pho- 
tocmission intensity from the surface states [cf. Fig. 2(a)] 
and at low temperatures the additional shift of the chem- 
ical potential. Since the Dirac points are much further 
apart in the related system Pbo.6Sno.4Te, the observa- 
tion of the "inner" spin structure in the TCI state of this 
material occurred to be possible. 14 

IV. DISCUSSION AND CONCLUSIONS 

The experimentally observed chiral spin texture of the 
metallic surface states in the TCI phase of Pbo.73Sno.27Se 
is consistent with our theoretical TB model as well as 
with the very recent report on the spin texture in the 
TCI phase of the closely related Pb0.eSn0.4Te alloy. 14 
Here we have shown that in the normal-insulator state of 
Pbo.73Sno.27Se gapped spin-polarized surface states exist 
as well. IV- VI semiconductors and their substitutional 
alloys crystallize in the RS structure and possess global 
inversion symmetry. Therefore, only structure-inversion- 
asymmetry-induced spin splitting (Rashba effect) 29 ' 30 is 
expected for the two-dimensional surface states in these 
semiconductors. It has been checked that within our 
TB model the calculated dispersion at high tempera- 
tures tends to a single paraboloid centered at X when 
the crystal slab thickness increases. On the other hand, 
our ARPES data suggest the presence of split bands. The 
latter might be related to phenomena not included in the 
calculations, e.g., the Rashba effect given by the confin- 
ing potential at the charged surface. Yet, clearly both, 
more elaborate experimental as well as theoretical work is 
needed to provide further details for these spin-polarized 
gapped surface states. 

To summarize, the spin polarization of the (001) sur- 



face states have been predicted in both, the newly dis- 
covered TCI phase as well as in the topologically triv- 
ial state of Pbo.73Sno.27Se. While our calculations show 
a "double-vortical" spin structure for the TCI state, in 
the normal-insulator state a "single-vortical" spin tex- 
ture is anticipated. ARPES measurements confirm the 
formation of the TCI phase below, but also indicate split 
gapped states above the band-gap- inversion temperature. 
SRPES provides conclusive evidence for the realization 
of a chiral spin texture in both cases, overall consistent 
with the calculations. As revealed by our studies, the 
spin polarization seems to be inherent to surface states 
in narrow-gap IV- VI semiconductors influenced by very 
strong SOI. The transition to the TCI phase brought 
about by the band-symmetry inversion qualitatively in- 
fluences orbital degrees of freedom of electrons and holes 
(cation/anion wavefunction inversion). This, via SOI, re- 
sults in the spin polarization of electrons occupying both, 
in-gap Dirac-metal surface states as well as the states 
close to the bottom of the conduction band and the top 
of the valence band whose detailed nature, however, still 
awaits further elucidation. 
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